Groundwater level measurements from 3907 monitoring wells, distributed within 22 major river 14 basins of India, are assessed to characterize their spatial and temporal variability. Groundwater 15 storage (GWS) anomalies (relative to the long-term mean) exhibit strong seasonality, with 16 annual maxima observed during the monsoon season and minima during pre-monsoon season. 17 Spatial variability of GWS anomalies increases with the extent of measurements, following the 18 https://ntrs.nasa.gov/search.jsp?R=20170002777 2019-11-11T12:13:41+00:00Z power law relationship, i.e., log-(spatial variability) is linearly dependent on log-(spatial extent). 19 In addition, the impact of well spacing on spatial variability and the power law relationship is 20 investigated. We found that the mean GWS anomaly sampled at a 0.25 degree grid scale closes 21 to unweighted average over all wells. The absolute error corresponding to each basin grows 22 with increasing scale, i.e., from 0.25 degree to 1 degree. It was observed that small changes in 23 extent could create very large changes in spatial variability at large grid scales. Spatial 24 variability of GWS anomaly has been found to vary with climatic conditions. To our knowledge, 25 this is the first study of the effects of well spacing on groundwater spatial variability. The results 26 may be useful for interpreting large scale groundwater variations from unevenly spaced or 27 sparse groundwater well observations or for siting and prioritizing wells in a network for 28 groundwater management. The output of this study could be used to maintain a cost effective 29 groundwater monitoring network in the study region and the approach can also be used in other 30 parts of the globe. 31 
•
First study of spatial variability of groundwater storage affected by well spacing 36 • Spatial variability of groundwater storage increases with increasing spatial extent (the length scale of the major river basins within the study region) (Western and Blösch, 1999), 49 following the power law relationship. Few studies have been conducted on groundwater spatial 50 variability owing to the scarcity of available, high quality measurement time-series at regional 51 scales. Inadequate information on sub-surface properties such as specific yield, which is required 52 to convert water table measurements to water storage, also complicates such analyses. Li et al.
53
(2015) studied groundwater storage variability using data from 181 monitoring wells in the 54 central and northeastern U.S and found that the spatial variability of groundwater storage 55 anomalies follow the power law relationship. However, observation wells in that study were 56 sparse in some areas and sampled only at a small range of climate conditions.
57
Studying groundwater variability across scales may benefit efforts to evaluate and 58 interpret remote sensing based estimates and to improve numerical models, and also to better More than 85% of these wells are located in unconfined aquifers (CGWB, 2014). The quarterly rate is found to be the highest within all the basins (Table 1) .
115
Since the observational network is dense, we designed three additional sampling schemes 116 to study how well spacing may affect groundwater spatial variability and also to study their scale 117 dependency. Figure 2 shows the well locations that are used at the 0.25 degree, 0.5 degree, and 1 118 degree resolution, respectively. The well closest to each grid center was selected and the rest are 119 discarded. In between three spatial resolutions, well spacing is lowest in 0.25 degree and highest 120 in 1 degree scale. For example, considering all the wells used in our study at all the three spatial 
where, N is the number of samples,  is the spatial variability, d is the desired accuracy 144 (absolute error), t 2 1-(α/2),N-1 is the Student's t-distribution at the significance level α (5% used 145 here). Since N is unknown initially, we used an iterative method to estimate N (Wang et al.,
.
147
Combining equations 1 and 2, we obtain the following equation to calculate the samples 148 needed for any region:
(3) respectively. We observe an upward concave relationship between spatial variability and mean 169 GWS anomaly in the above mentioned basins (Figure 4 ). (Figure 5a ). Spatial 180 variability was standardized using temporal standard deviations over all wells. However, we 181 found insignificant increase with near-zero slope (0.02) in the log-log graph (Figure 5a ).
182
The linear relationship between log-(spatial variability of specific yield) and log-extent 183 (Figure 5b) is insignificant. However, log (spatial variability of precipitation) increases linearly 184 (significant with p value < 0.05) with log-extent ( Figure 5c ). These combine results suggest that 185 GWS spatial variability is influenced more by climate than by aquifer properties. (Table 2) , similar to observation of Li and Rodell (2013) for soil moisture observations.
242
Thus, spatial variability increases rapidly with increasing extent for increasing well spacing.
243
Hence, the effect of change in extent on spatial variability has been reduced with increasing 244 spatial scales, as we observed very large change in spatial variability for smaller change in extent 245 at larger well spacing i.e. data at 1 degree-scale (Figure 8c ).
246
Slope and intercept values (Table 2) that for all data (Figure 7 and 9a ). Similar to absolute errors for all data, only one basin (basin 256 2c) exhibit more than 2 cm absolute error, and 8 basins (out of 9 basins for all data) show errors less than 1 cm. Absolute error level increases at 0.5 degree-scale (absolute error level higher than 258 2 cm in 6 basins) and showing highest values at 1 degree-scale (absolute error level higher than 2 259 cm in 12 basins) (Figure 9b and 9c ). Only one basin (basin 4) exhibit absolute error level less 260 than 1.5 cm and 9 other basins exhibit less than 2 cm absolute error levels at 1 degree-scale 261 (Figure 9c ). We found an increase in absolute error level with increasing spatial scales, i.e., from 262 0.25 degree to 1 degree.
263
Among the three different spatial scales (e.g., 0.25 degree, 0.5 degree and 1 degree- Our study indicates that the uncertainty in regional GWS anomaly estimates based on The number within the squares indicating basin numbers (Table 1) 
